Emerging technologies such as smart cities and unmanned vehicles all need Global Navigation Satellite Systems (GNSS) to provide high-precision positioning and navigation services. Fast and reliable carrier phase ambiguity resolution (AR) is a prerequisite for high-precision positioning. The poor satellite geometry and severe multipath effect caused by Beidou Navigation Satellite System (BDS) signal occlusion and reflection in complex environments will degrade the AR performance. In this contribution, a fast triplefrequency AR method combining Microelectromechanical System-Inertial Measurement Unit (MEMS-IMU) and BDS is proposed. First, the Extra-Wide Lane (EWL) ambiguity is fixed with the positioning parameters of MEMS-IMU instead of the pseudorange. Then, the phase noise variance of Narrow Lane (NL) observation is obtained from ambiguity-fixed EWL observation to reduce the total noise level of NL observation, and the NL ambiguity can be reliably fixed, and the BDS positioning result is obtained. Finally, the BDS positioning result is used as the posterior measurement of the extended Kalman filter to update the MEMS-IMU positioning parameters to form the coupling loop of MEMS-IMU and BDS. The data of urban road vehicle experiments were collected to verify the feasibility and effectiveness of the proposed algorithm. Results show that MEMS-IMU can speed up AR, and reduction of total noise level can significantly improve the reliability of AR.
Introduction
With the indepth development of information technology, next-generation information technologies such as the Internet of Things (IOT), smart city, and unmanned vehicle all need high-accuracy time and space service support. The Global Navigation Positioning System (GNSS) can provide reliable high-precision positioning and timing services. The key to realizing high-precision positioning for GNSS is to quickly and reliably resolve integer carrier phase ambiguity [1] . However, GNSS signals are obstructed and reflected by obstacles such as high-rise buildings and tunnels in complex environments, causing serious multipath effects and poor satellite geometry, which have become the great challenge to correctly resolve the integer ambiguity. Severe multipath effects reduce the quality of the observations, and poor satellite geometry increases the correlation between the observations, making it more difficult to search for integer ambiguities, all of which degrade the performance of Ambiguity Resolution (AR) and positioning [2] . Teunissen adopted the "Z" transform to degrade the correlation between the float ambiguities to speed up the fixation of ambiguities, which is known as the Least squares AMBiguity Decorrelation Adjustment (LAMBDA) method [3] ; Teunissen and Odolinski also proposed that Multiple GNSS combinations increase the number of available satellites to improve satellite geometry and improve GNSS positioning performance in harsh environments [4, 5] . There are also studies based on the principle that positioning can be achieved with only four available satellites and selecting high-quality observations for Partial Ambiguity Resolution (PAR) to reduce the negative effects of complex environment on positioning results [6, 7] . These studies are based on single-frequency or dualfrequency observations AR methods. Tang et al. have shown that triple-frequency observations have better AR performance than dual-frequency observations [8] .
The Chinese Beidou Navigation Satellite System (BDS) constellation transmits observations at three frequencies (B1, B2, and B3), including pseudorange and carrier phase observations [9] . This provides many advantages for the AR, because the triple-frequency phase carrier observations can form a virtual observation with long wavelength, small atmospheric delay and low noise through linear combination [10] . The triple-frequency linear combination not only increases redundancy of the observations but also improves the realtime and reliability of the AR. Forssell and Vollath first investigated the method of achieving high-accuracy positioning by combining triple-frequency observations and proposed the classic Three-Carrier Ambiguity Resolution (TCAR) method [11, 12] . Hatch et al. also proposed a triple-frequency AR method-Cascading Integer Reso-lution (CIR) [13] . The TCAR and CIR essentially select the three independent combinations, first fix the Extra-Wide Lane (EWL) ambiguity with pseudorange, then fix the Wide-Lane (WL) ambiguity with ambiguity-resolved EWL observation, and finally fix the Narrow Lane (NL) ambiguity with ambiguity-resolved WL observation, which resolves ambiguity step by step in a cascading manner and obtain high-precision positioning solutions. These two early three-frequency AR methods are simple to calculate, but for medium-long baseline or complex environments such as urban canyons, the AR performance will decrease due to the weak model strength. Feng proposed the GB (geometry-based)-TCAR method and selected threefrequency combined observations with small ionospheric scale factor to eliminate the influence of ionospheric delay for the medium-long baseline [14] . On the basis of eliminating the influence of ionospheric delay, Li et al. proposed the GIF-(geometry-free and ionosphere-free-) TCAR model that can simultaneously eliminate the influence of tropospheric delay, so that the AR performance is independent of the baseline length [15] . Zhao et al. took into account the principle of noise minimization under the premise of the geometry-free and ionosphere-free, further improved the traditional TCAR method, and improved the success rate of AR for medium and long baselines [16] . Tian et al. used the relationship of ionospheric scale factor between the EWL and the NL observations to address the issue that the ionospheric delay at the mid-to-long baseline cannot be eliminated by double differences (DD) [17] . Lou et al. analyzed the effects of code bias variations induced by three types of BDS satellites on AR of EWL, WL, and NL combinations and propose to model the single-differenced fractional cycle bias with widespread ground stations [18] . Deng et al. proposed an optimal combination of triple-frequency pseudocode and carrier phase driven by models and data and took full advantage of the low noise characteristics of B3 to reduce the total noise level [19] . The above methods improve the traditional TCAR method from different aspects and improve the AR and positioning performance.
However, the EWL ambiguity is fixed by pseudorange, and the multipath effect caused by the complex environment will reduce the AR performance of the traditional TCAR and its derivative methods. Obviously, completely eliminating code multipath error will improve AR performance. Feng-Yu Chu et al. proposed a method to resolve ambiguities using only triple-frequency carrier phase observations, completely eliminating the effects of code multipath, and pointed out that the positioning performance is still affected by the carrier phase multipath [20] . The Inertial Navigation System (INS) not only has strong autonomy but also can output short-time high-precision positioning parameters at high frequency [21] . The disadvantage is that the error accumulates over time and it has strong complementary with GNSS. GrejnerBrzezinska et al. firstly proposed a Global Positioning System (GPS)/INS tightly coupled model and described in detail the process of implementing integrated navigation system through the Kalman filter [22] . Godha et al. showed that GPS/INS integrated system can still output effective positioning information when GPS signal is interrupted and pointed out that the INS has great potential in vehicle navigation applications [23] . These studies mainly coupled pseudorange and Doppler observation level integrated system, because the accuracy of the pseudorange itself is not very high, and positioning accuracy can only be in the meter level. Liu et al. proposed a GPS/INS tightly coupled ambiguity fixed solution algorithm, and achieved a centimeter-level quick positioning [24] . Han et al. not only improved the accuracy of the float ambiguity by coupling INS but also used the advantages of GPS and BDS combination to reduce the impact of largeerror observations on the AR performance by PAR method [25] . Li et al. proposed a strategy for detecting and rejecting observations with large errors to reduce the adverse effect of code multipath [26] .
In fact, the original carrier wavelength of GNSS is about 20cm, while the prediction error of some low-cost Microelectromechanical System-Inertial Measurement Unit (MEMS-IMU) in within 1 epoch (1s) of GNSS for geometric distance is more than half of the original carrier wavelength [27] . Obviously, the accuracy of the low-cost MEMS-IMU does not meet the requirement to fix the original carrier ambiguity by rounding. The EWL observations formed by the linear combination of the triple-frequency original carrier phase observations have a wavelength of up to 5m, which can make the accuracy of the low-cost MEMS-IMU enough to meet the fixed ambiguity requirement. In addition, pseudoranges in complex environment such as urban canyon are affected by severe multipath effects, with large errors, sometimes as high as 4m [28] . It is difficult to fix the ambiguity, even the EWL ambiguity. While positioning parameters of the MEMS-IMU have relatively high accuracy in a short time, using the MEMS-IMU corresponding geometric distance instead of the pseudorange to fix the EWL ambiguity will increase the fixed success rate of ambiguity. According to error propagation theory, it also has a positive impact on the fixation of WL ambiguities.
We investigated the causes of AR performance degradation in complex environments and improved the first and third steps of the traditional TCAR method. The high quality positioning parameters of the MEMS-IMU are used to assist in fixing the EWL ambiguity, and the NL ambiguity is reliably fixed after the total noise variance is reduced. The MEMS-IMU and BDS are loosely coupled at the centimeter level to achieve high-precision positioning by Extended Kalman Filter (EKF).
The rest of this paper is organized as follows. Section 2 first introduced the general model of the traditional TCAR and the two limiting factors in a complex environment, and then the innovative solutions was given in two steps.
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The source of the data and the parameters of the relevant experimental equipment are described in Section 3. Section 4 illustrates the difference between the open sky and the urban canyon through comparative experiments and validates the effectiveness of the proposed algorithm based on the innovations. Section 5 is the conclusion and outlook.
Methods

. . e TCAR General Models and Limiting Factors in Complex Environments.
In the open sky environment, the traditional TCAR method can efficiently resolve the triplefrequency ambiguity due to high-precision observations. However, in a complex environment where the BDS signal occluded and reflected, the severe multipath effect makes it difficult for the traditional TCAR method to reliably and instantaneously resolve the triple-frequency ambiguity.
. . . Triple-Frequency Observations and Basic Formulas. The observation formula of the BDS carrier phase and pseudorange can be expressed as
where Φ and denote the pseudorange and carrier phase, respectively, denotes the geometric distance between the satellite and the receiver, and O denote the receiver hardware delay and satellite orbital error respectively, and denote the troposphere and ionosphere delay, respectively. denotes the speed of light propagation in a vacuum, and denote the satellite clock error and receiver clock error, respectively, and and Φ denote the pseudorange and carrier phase other errors including multipath, respectively.
For short baselines (baseline length < 20km), the spatiotemporal correlation between observations is strong. After intersatellite difference and interreceiver difference, the satellite clock error, the receiver clock error, and the hardware delay are completely eliminated, the tropospheric error, the ionospheric error, and the satellite orbit error are also greatly weakened and can be ignored. Therefore, after the double differenced (DD) operation, the observation formula is
where Δ∇Φ and Δ∇ , respectively, represent the DD carrier phase and pseudorange, Δ∇ represents the DD geometric distance, Δ∇ and Δ∇Φ represent the DD pseudorange and carrier phase other errors, respectively, and Δ∇ represents DD integer ambiguity. The triple-frequency DD observations can form virtual observations with various favorable characteristics for AR. The linear combination of triple-frequency DD observations can be expressed as [14] 
where Δ∇Φ ( , , ) and Δ∇ ( , , ) represent the observations of the carrier phase and pseudorange combined in meter, respectively; Δ∇ ( , , ) is the observations of the carrier phase in cycle, , , and are the combined coefficients corresponding to the three frequencies of BDS, respectively, and they are all integers; represents the frequency of the three original carriers; Δ∇Φ and Δ∇ represent the original carrier phase and pseudorange observations in meters and represents the original carrier phase observations in cycle. The frequency, wavelength, and integer ambiguity of the carrier phase combination observations are as follows:
where represents the original carrier phase integer ambiguity.
The combined observations of DD pseudorange and carrier phase can be expressed as
The carrier phase combination observations are only mathematically combined and their noise originates from the original carrier noise. Assuming that the noise at the three frequencies of the BDS is equal and uncorrelated, equal to 2 Δ∇Φ , then
where ( , , ) is the phase noise factor (PNF) of combination observation. The ionospheric scale factor (ISF) ( , , ) of firstorder ionospheric delay for the combination observations with respect to B1 is expressed as
. . . e Traditional TCAR Method. The BDS triple-frequency linear combination can form a lot of virtual observations. Table 1 shows some commonly used BDS triplefrequency combinations. The (0,1,-1) combination with the longest wavelength is considered as EWL; the (1,-1,0) combination with a slightly shorter wavelength is considered as WL; the (4,0,-3) combination with the shortest wavelength is considered as NL. The traditional TCAR method is a method that is independent of the satellite geometry, namely the GF-(geometryfree) TCAR method. The three combined observations are fixed by the rounding method.
Step . EWL ambiguity
− Δ∇ ( , , )
where Δ∇̂( , , ) and Δ∇̆( , , ) represent the EWL float ambiguity and integer ambiguity, respectively, and [⋅] represents the rounding operation.
Step . WL ambiguity:
Step . NL ambiguity:
The traditional TCAR and its derivative methods use pseudorange to fix EWL or WL ambiguity. As can be seen from formula (16), the accuracy of the EWL float ambiguity depends on the accuracy of the pseudocode and EWL observations and the influence of the pseudorange error is greater because the pseudorange error is generally considered to be 100 times the carrier phase error:
In the open sky environment, the accuracy of pseudorange and carrier phase is relatively high, and the accuracy of virtual observations is also relatively high. The BDS triplefrequency ambiguity can be resolved instantaneously and reliably by the traditional TCAR method.
. . . Limiting Factors of Traditional TCAR Method in Complex Environments.
For short baselines, the main error source of BDS positioning in complex environment is the multipath error, especially code multipath error. The multipath effect reduces the accuracy of the pseudorange and increases the convergence time of the pseudorange fixed EWL ambiguity and will bring the error to the fixed WL ambiguity.
The multipath effect will not only increase the code error but also increase the carrier phase error. Under the condition that the reflection coefficient is 1, the carrier phase multipath error is at most 0.25 wavelengths [29] . In a complex environment, the signal may be reflected by multiple obstacles to accumulate the error. Then DD and linear combination, the phase multipath error further expands. For NL observation wavelengths, the phase multipath error is relatively large so that NL ambiguities are difficult to fix by rounding.
. . MEMS-IMU Fixed EWL Ambiguity. The fixed speed of ambiguity integer solution depends on the size of the float ambiguity search space, and the ambiguity search space depends on the float ambiguity variance covariance matrix [3] :
where denotes the ambiguity search space, denotes the pseudorange precision, denotes the wavelength, denotes the number of epochs, and ∝ denotes the proportional relationship. Among the three factors affecting the float ambiguity search space, cannot be expanded due to due to the realtime requirements of positioning, has been expanded by the triple-frequency combination to form EWL. The multipath effect seriously degrades the accuracy of pseudorange, while the MEMS-IMU has a relatively high accuracy in a short time. The geometric distance corresponding to the MEMS-IMU instead of the pseudorange reduces to further narrow the ambiguity search space. After the positioning parameters of MEMS-IMU are transformed by the coordinate system, the corresponding geometric distance of the MEMS-IMU can be obtained from the satellite coordinates.
. . . MEMS-IMU Dynamic Model.
In this study, the loosely coupled form of MEMS-IMU and BDS is realized by Mathematical Problems in Engineering 5 extended Kalman filter. Compared with the tightly coupled form, the loosely coupled form has a simple structure and a small amount of computation, which helps to improve the real-time of AR. A navigation system state error model based on the MEMS-IMU attitude angle is established [30] . The attitude angle error model can be expressed aṡ
Take into account the state incremental error, the error of the lever arm a total of 24 error terms characterization of the system state:
where V is 9 navigation errors (3 position errors, 3 velocity errors, and 3 platform angle errors); is 3 acceleration bias errors and 3 scale factor errors; is 3 gyro bias errors; is 3 arm effect error, and is 3 gravity acceleration errors. Establish the system state equation in the geographic coordinate system (e-system):
The equation expands to the following form:
where Θ is the state transition matrix of the system; V , , , and V are kinetic white Gaussian noise vectors; subscripts N, E, and D are navigational coordinate systems (n-system); subscripts , , and are carrier coordinate systems (b-system); is the constant of gravity acceleration, is the sum of the height of the carrier and the radius of the earth; is the MEMS-IMU position error vector; V is the MEMS-IMU velocity error vector; is the attitude error vector; ∇ is the acceleration error vector; is the gyro drift error vector; is the n-system transfer rate; is the rotation rate of the earth in n-system; is a b-system to a nsystem rotation matrix; is the accelerometer specific force vector; ∇ is the accelerometer bias error; is the first order Markov process of the gravity model.
. . . Measurement Model.
After the AR is completed, the carrier phase observation can be converted to a highaccuracy BDS positioning result. Considering the deviation between the BDS antenna phase center and the MEMS-IMU reference center, in the e-system, the antenna phase center can be expressed as
where is the BDS positioning result, is the positioning parameter of the MEMS-IMU in the b-system, is the conversion matrix from the b-system to the e-system, and is the arm length. Then, the conversion between the e-system and the b-system can be realized by the formula (31).
Because the integrated navigation system is loosely coupled, the BDS corrects the accumulated error of the MEMS-IMU over time at the positioning result level. The obtained from is used as a posterior measurement of the EKF to correct the positioning parameters of the MEMS-IMU.
. . . MEMS-IMU Corresponding Geometric Distance Instead of Pseudorange. The geometrical distance can be calculated from the positioning parameters output from the MEMS-IMU and the satellite coordinates obtained from the BDS precision satellite orbit products:
where denotes the geometric distance corresponding to the MEMS-IMU positioning parameters, ( , , ) denotes the satellite coordinates obtained by the satellite precision orbital products, ( , , ) denotes the phase center position of the BDS receiver antenna from the EKF, and the accuracy of is estimated by an empirical formula [31] :
where denotes the error cumulative time of the MEMS-IMU, denotes the gravitational acceleration, and denotes the gyro bias; denotes the accelerometer bias. The prediction error of the low-cost MEMS-IMU geometric distance in one epoch of BDS is generally less than the code multipath error in complex environments. The pseudorange of the first step in the traditional TCAR method is replaced by to accelerate the fixed speed of EWL ambiguity:
Obviously, the accuracy of the EWL float ambiguity is greatly improved, so that the EWL ambiguity can be fixed by rounding. Due to the high accuracy of and the long wavelength of the WL, the WL ambiguity can also be fixed by rounding. However, the NL observation has a very small wavelength and is even smaller than the original carrier. Due to the effects of carrier phase multipath errors in complex environments, the fixed success rate of NL ambiguity is relatively low.
. . Reliable Fixing of NL Ambiguity. The fixation of NL ambiguity is the final step of the TCAR method and the key to achieving high-precision positioning. Based on the PNF relationship between EWL and NL observations, the phase noise variance of the NL observation is obtained from the ambiguity-fixed EWL observation to reduce the total noise of the NL observation, and the accuracy of float ambiguity and the ambiguity fixed success rate are improved.
. . . Reduce the Total Noise Level of NL Observations.
The error sources of combined observations mainly include ionospheric delay error, tropospheric delay error, and other errors (mainly phase multipath error) [14] . Then, the total noise level of the combined observations can be expressed as represents tropospheric delay error. For the short baseline, both ionospheric delay error and tropospheric delay errors are negligible due to strong temporal and spatial correlation. Therefore, the main error source of the ambiguity-fixed EWL observation is the noise error including the phase multipath, and according to (14) , the noise variance of the NL observations is
Substituting the obtained
into formula (35) can significantly reduce the total noise level of the NL observations:
The reduced total error level can be obtained according to equation (37). The AR success rate is determined by the mean bias and the variance [32] :
where represents mean bias and it is considered to be 0. It should be noted that considering AR performance of NL ambiguity is sensitive to various noises, under the assumption that the DD eliminates the ionosphere delay, the ionosphere delay actually exists although it is small. It is necessary to select the NL combination with a small ISF as much as possible to reduce the negative effects of ionospheric delay. For example, the (4.0.-3) in Table 2 is an ideal NL combination due to the ISF is only 0.2.
. . . Overview of BDS/MEMS-IMU Loosely-Coupled
Integration System. In order to improve the real-time performance of the integrated system, the proposed algorithm adopt the loosely-coupled form with a small amount of computation. In the BDS triple-frequency AR process, PNF is used to reduce the total noise level of NL observations to improve the ambiguity fixed reliability. Figure 1 shows the overall block diagram of the proposed algorithm. The blue EWL, WL, and NL represent ambiguityunfixed combination observations, the gray EWL, WL, and NL represent ambiguity-fixed combination observations. The NL' represents the NL observation after the total noise level is reduced. The can only be input to the EKF after the coordinate system is converted. Similarly, the results of EKF must be converted through the coordinate system to calculate . 
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Data
In order to evaluate the performance of the proposed MEMS-IMU assisted BDS triple-frequency AR method, the field vehicular experiment of the integrated navigation system was conducted in Taiyuan, China, on June 6, 2018, from 9:30 to 10:30 am. The MEMS-grade INS and BDS rover receivers are installed on the top of the experimental vehicle to collect data on the test road with a sampling interval 1s. The entire test road can be divided into three types according to the characteristics of the road environment: open sky, urban canyon and roadside trees. The most serious occlusion and reflection of satellite signals is the urban canyon section, and the signal blockage of the roadside tree section is not serious, and the signal of the open sky road section is completely unobstructed. The speed of the experimental vehicle is maintained at about 5m/s, the baseline length of the entire experimental road is within 5km, and the data collection time is 1 hour. Figure 2 shows the map of the experimental area, the blue line is the trajectory of the experimental vehicle, and the red point marked "BASE" is the installation position of the BDS base receiver on the roof of a library. The places marked with "START" and "END" are the starting and ending points of the driving route of the experimental vehicle. Wuhan MaiPu Space Time Technology Company (Wuhan, China). Their main performance specifications are shown in Table 2 . The BDS base station receiver UR380 installed on the roof of the library, and the BDS Rover receiver UB4B0 installed on experimental vehicle. Both of the BDS receivers that can receive and process triple-frequency observations are provided by Unicore Communications, Inc. (Beijing, China).
Results and Discussion
. . e Influence of Complex Environments on Observations.
In order to analyze the influence of different road environments on the observations, the entire test data is divided into 10 periods on average according to the length of time, each for 6 minutes (360 epochs). The 2th period (9:36-9:42) belongs to the open sky road section without any occlusion, and the 6th period (10:00-10:06) belongs to the urban canyon road section with severe occlusion. Only the data of these two periods of the extreme environment are selected for comparative analysis. Figure 3 shows the received BDS satellites in the 2th period and the 6th period.
The BDS includes geostationary earth orbit (GEO), Inclined Geosynchronous Satellite Orbit (IGSO), and Medium Earth Orbit (MEO) satellites. Tables 3 and 4 , respectively, list the satellite types and elevation angles during the 2th and 6th periods.
Comparing Tables 3 and 4 , it can be seen that the number of visible satellites in the 6th period is significantly less than that in the 2td period.
The occlusion or reflection of the BDS signal not only leads to a reduction in the number of visible satellites, but also a multipath error that reduces the accuracy of the observations, especially pseudoranges. Figure 4 illustrate the code multipath errors of visible satellites at B1, B2, and B3 in the 2th and 6th periods.
For short baselines, the DD eliminates most of the errors, and code multipath error becomes the main error affecting the AR performance. By comparing the pictures in the top and bottom rows in Figure 4 , the code multipath error in the 2th period is obviously smaller than that in the 6th period. The code multipath at B1 and B2 is only about 0.5m in the 2th period, while most of them are about 2m, and some epochs are even up to 4m in the 6th period, the situation of B3 is similar to that of B1 and B2. The pseudorange with such large code multipath error is difficult to fix the EWL ambiguity by the rounding. This means that the signal is occluded, which reduces the accuracy of the pseudorange and the AR performance.
Further observation shows that the code multipath error at B3 is generally less than that at B1 and B2, This is because the B3 has a chip rate of 10.23 Mcps and the accuracy of chip is relatively high. In addition, the code multipath error of the C09 satellite is significantly higher than that of other satellites. It can be seen from the comparison that the elevation angle of the C09 satellite is relatively low, indicating that the satellite elevation angle is directly related to the code multipath error.
. . MEMS-IMU Fixed EWL Ambiguity. In order to fully prove that MEMS-IMU can improve the AR performance of EWL ambiguity, three different TCAR methods are compared with the proposed method. The data of 10 periods are processed by four TCAR methods. The AR performance indicator uses the fixed success rate and the time to first fix (TTFF). The four methods for fixing the EWL ambiguity are as follows:
Scheme A: GF-TCAR, which is described in Section 2.1.2. Scheme B: GB-TCAR, integer least squares model based on geometry.
Scheme C: GIF-TCAR, in addition to the GIF condition, the triple-frequency pseudorange observations together fix the EWL ambiguity.
Scheme D: INS-TCAR, the proposed method. The cut-off elevation angle is set to 10 ∘ , and C07 satellite is used as the pivot satellite throughout the experiment.
. . . Fixed Success Rate of EWL Ambiguity. The ambiguity fixed success rate is one of the commonly used indicators for measuring AR performance. Figure 5 shows the EWL ambiguity fixed success rate with four different schemes over 10 periods.
As can be seen from Figure 5 , scheme D has a fixed success rate of nearly 100% in 10 periods, while the fixed success rates of the other three schemes vary with different periods, and the fixed success rates of the three schemes are lower than scheme D. This is because the MEMS-IMU cannot only outputs high-precision positioning parameters but also is not affected by the external environment. The first three schemes of fixing the EWL ambiguity with pseudoranges, because the accuracy of the pseudorange is affected by the multipath error caused by the external environment, the fixed success rate is smaller than the scheme D in each period, especially the sixth time period, the fixed success rate of the first three schemes is less than 80%. In addition, the success rate of scheme B and C is higher than that of scheme A. This is because the integer least squares method has better AR performance than the rounding method as the number of epochs is accumulated. The GIF model completely eliminates the ionospheric and tropospheric delay errors, and can also improve the EWL ambiguity fixed success rate.
. . . TTFF of EWL Ambiguity. TTFF refers to the time it takes for the ambiguity to be correctly fixed for the first time. It can reflect the real-time performance of ambiguity fixation and positioning. Figure 6 shows the TTFF of four different TCAR methods in 10 periods.
It can be seen from Figure 6 that the TTFF of scheme D is much smaller than the first three schemes, and even in the 2th period of open sky, the TTFF of scheme D is much shorter than the first three schemes. This is because the MEMS-IMU not only provides high-precision positioning parameters, but also has an output frequency of up to 200 Hz. It should be noted that the TTFF of scheme C is smaller than scheme B, which may be the triple-frequency pseudorange increases the multipath error.
. . Reliable Fixation of NL Ambiguity. In order to prove that the proposed method can solve the problem that NL ambiguity is difficult to be fixed in a complex environment, we use scheme D to process and analyze the data of the 6th period with the largest multipath error. Only the ambiguities of EWL, WL, and NL are all fixed correctly to obtain BDS high-precision positioning results. Failure to fix the ambiguity not only reduces the positioning accuracy of the BDS but also does not correct the cumulative error of the MEMS-IMU. Figure 7 shows the ambiguity fixed success rate for scheme D before and after the reduction in the total noise level of the NL observations.
As can be seen from Figure 7 , the fixed success rate of EWL and WL ambiguities for each available satellite is relatively high, close to 100%, while the NL ambiguities are all relatively low, all below 80%, and C09 satellite even below 60% due to the low elevation angle. This is because MEMS-IMU provides high-quality prior information for the fixation of EWL and WL ambiguities and the observation wavelengths of EWL and WL are large, which not only accelerates the fixing of EWL ambiguity but also improves the ambiguity fixed success rate of the EWL and WL. The phase multipath and unmodeled (ionosphere and tropospheric delay) errors in complex environments are amplified by DD and linear combination. The error is relatively larger than the NL observation wavelength, and the NL ambiguity is difficult to be fixed reliably. According to formulas (36) and (37), the phase noise variance of NL observations is obtained from ambiguity-fixed EWL observation to reduce the total noise level of the NL observations. Figure 8 shows that NL float ambiguity before and after the total noise level is reduced for each available satellite. From the first and the third rows of Figure 8 , we can see that the residual between float ambiguity and corresponding integer ambiguity for each available satellite is relatively large, many epochs are greater than half cycles, and some are even more than a cycle. Therefore, NL ambiguity cannot be reliably fixed by rounding. This is mainly due to the fact that the NL observations have short wavelengths and are subject to various noise pollution including phase multipath in a complex environment. It can be seen from the second and fourth rows of Figure 8 that the residuals are significantly reduced, all less than half a cycle, and some even less than 0.2 cycles. Such high precision float ambiguity ensures that the NL ambiguity can be reliably fixed. Figure 9 shows fixed success rate of NL ambiguity before and after the total noise level is reduced.
It can be seen from Figure 9 that after the total noise level is reduced, the fixed success rate of the NL ambiguity is greatly improved. This is because the error of the ionosphere and tropospheric delay has been basically eliminated by DD, and the noise including the phase multipath error becomes the main error source. Therefore, the total noise level is greatly reduced, and the fixed success rate of NL ambiguity is also greatly improved.
Conclusion and Outlook
In the open sky environment, the traditional TCAR and its derivative algorithms have fast and reliable AR performance due to the high quality BDS triple-frequency observations. However, in complex environments, satellite signals are blocked or reflected by obstacles causing severe multipath errors in pseudorange and carrier phase observations. To solve this problem, it is proposed to use the MEMS-IMU corresponding geometric distance instead of pseudorange to fix EWL ambiguity. Then, the noise variance of the NL observation is obtained from the EWL observation to reduce the total noise variance and improve the reliability of the NL ambiguity fixed. MEMS-IMU can output high-quality positioning parameters at high frequency in a short time; it not only improves the BDS AR success rate, but also improves the stability and continuity of BDS positioning, especially in the tunnel. The BDS positioning results can then be used to correct the cumulative error of the MEMS-IMU; both are loosely coupled by EKF. The field vehicular experiment experiments were conducted on urban streets to verify the feasibility of the proposed algorithm. The result proves that the proposed algorithm not only speed up the fixation of the ambiguity through the combination of MEMS-IMU and BDS triple-frequency but also improves the reliability of the fixed ambiguity.
The proposed method is mainly to improve the AR performance for the short baseline in complex environments. For the medium-to-long baseline, the temporal and spatial correlation of observations is reduced, and ionospheric delays cannot be eliminated by DD. It is necessary to analyze the characteristics of various error sources and propose an effective algorithm.
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